Nonphotosynthetic plastids retain important biological functions and are indispensable for cell viability. However, the detailed processes underlying the loss of plastidal functions other than photosynthesis remain to be fully understood. In this study, we used transcriptomics, subcellular localization, and phylogenetic analyses to characterize the biochemical complexity of the nonphotosynthetic plastids of the apochlorotic diatom Nitzschia sp. NIES-3581. We found that these plastids have lost isopentenyl pyrophosphate biosynthesis and ribulose-1,5-bisphosphate carboxylase/oxygenase-based carbon fixation but have retained various proteins for other metabolic pathways, including amino acid biosynthesis, and a portion of the Calvin-Benson cycle comprised only of glycolysis/gluconeogenesis and the reductive pentose phosphate pathway (rPPP). While most genes for plastid proteins involved in these reactions appear to be phylogenetically related to plastid-targeted proteins found in photosynthetic relatives, we also identified a gene that most likely originated from a cytosolic protein gene. Based on organellar metabolic reconstructions of Nitzschia sp. NIES-3581 and the presence/ absence of plastid sugar phosphate transporters, we propose that plastid proteins for glycolysis, gluconeogenesis, and rPPP are retained even after the loss of photosynthesis because they feed indispensable substrates to the amino acid biosynthesis pathways of the plastid. Given the correlated retention of the enzymes for plastid glycolysis, gluconeogenesis, and rPPP and those for plastid amino acid biosynthesis pathways in distantly related nonphotosynthetic plastids and cyanobacteria, we suggest that this substrate-level link with plastid amino acid biosynthesis is a key constraint against loss of the plastid glycolysis/gluconeogenesis and rPPP proteins in multiple independent lineages of nonphotosynthetic algae/plants.
Introduction
Photosynthetic plastids are cyanobacterium-derived organelles capable of carbon fixation and biosynthesis of various essential biological compounds (Archibald 2005 (Archibald , 2009 (Archibald , 2015 Zimorski et al. 2014) . The Calvin-Benson cycle for carbon fixation, one of the most important roles of photosynthesis, involves ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), phosphoribulokinase (PRK), and proteins shared with glycolysis/gluconeogenesis and the reductive pentose phosphate pathway (rPPP). Despite their importance in the production of energy-rich compounds, some plastids have lost their ability to perform photosynthesis. Such nonphotosynthetic plastids can be observed on various branches of the eukaryotic tree of life (Keeling 2010) . Although it is clear that nonphotosynthetic plastids are an important component of the organisms that retain them, the suite of functions they retain varies considerably from species to species (de Koning and Keeling 2004; Borza et al. 2005; Fleige et al. 2010; Lim and Mcfadden 2010; Sheiner et al. 2013; van Dooren and Striepen 2013; Pombert et al. 2014; Smith and Lee 2014; FigueroaMartinez et al. 2015) . The most well-known examples of nonphotosynthetic plastids are those of the apicomplexan parasites Plasmodium falciparum, Toxoplasma gondii, and Theileria parva. These so-called "apicoplasts" are essential for parasite viability, contributing to important biochemical pathways such as the biosynthesis of fatty acids, iron-sulfur clusters, heme, and isopentenyl pyrophosphates (IPPs), although they lack proteins for amino acid biosynthesis pathways, glycolysis, gluconeogenesis, and rPPP, the latter three of which participate in the Calvin-Benson cycle for carbon fixation in photosynthetic plastids ( fig. 1A ; Fleige et al. 2010; Lim and Mcfadden 2010; Sheiner et al. 2013; van Dooren and Striepen 2013) . In sharp contrast, the nonphotosynthetic plastids of certain green algae are metabolically less reduced, retaining metabolic functions typical of photosynthetic plastids such as glycolysis, gluconeogenesis, rPPP, and amino acid biosynthesis pathways (fig. 1A; de Koning and Keeling 2004; Borza et al. 2005; Smith and Lee 2014; Pombert et al. 2014; Figueroa-Martinez et al. 2015) . However, retention of less reduced metabolic pathways might be specific to nonphotosynthetic plastids in green algae.
Diatoms are among the most successful algal groups on Earth, contributing 20% of global primary production (Field et al. 1998; Mann 1999) . They belong to the Heterokontophyta, one of several algal lineages with four membrane-bound plastids of secondary endosymbiotic origin (Archibald 2005; Archibald 2009; Keeling 2010; Zimorski et al. 2014; Archibald 2015) . Several nonphotosynthetic diatom species from the genera Nitzschia and Hantzschia have been described (e.g., Li and Volcani 1987) , containing nonphotosynthetic plastids with reduced thylakoids (Kamikawa et al. 2015a) . As most of the species closely related to this diatom are photosynthetic, the loss of photosynthesis in Nitzschia has clearly occurred relatively recently (Kamikawa et al. 2015a) . We previously showed that the complete plastid genome of Nitzschia sp. NIES-3581, isolated from a mangrove estuary, lacks all genes for photosynthesis, carbon fixation, and chlorophyll synthesis, but nevertheless still retains genes for the ATP synthase/hydrolysis complex, which likely operates to generate a proton gradient between the thylakoid lumen and stroma (Kamikawa et al. 2015b ). However, the full biochemical potential of this unusual nonphotosynthetic plastid remains unclear: it has the potential to provide insight into the early steps of reductive evolution of plastid functions after loss of photosynthesis.
In this study, we investigated nucleus-encoded genes for plastid-targeting proteins in transcriptome and nuclear DNA data in combination with subcellular localization and evolutionary analyses to show that plastids of the nonphotosynthetic diatom Nitzschia sp. NIES-3581 possess a level of metabolic complexity approaching that of photosynthetic diatom species. By comparative analysis with other nonphotosynthetic plastids across various branches of the eukaryotic tree of life and by consideration of plastid sugar phosphate transporters, we have elucidated general principles governing how carbon metabolism is lost from nonphotosynthetic plastids after loss of photosynthesis.
Results and Discussion
The Plastid Proteins of a Nonphotosynthetic Diatom
The photosynthetic plastids of diatoms are relatively well studied. They are responsible for ATP generation through photosynthesis, heme biosynthesis, the Calvin-Benson cycle, fatty acid biosynthesis, the biosynthesis of amino acids and isoprenoids, as well as chlorophyll biosynthesis (Armbrust et al. 2004; Matsuzaki et al. 2008; Oborn ık and Green 2005; Richards et al. 2006; Jiroutov a et al. 2007; Bowler et al. 2008; Kroth et al. 2008; Chan et al. 2013; Gornik et al. 2015) . In order to determine which metabolic functions are retained in the nonphotosynthetic plastids of the diatom Nitzschia sp. NIES-3581, we generated transcriptome data on an Illumina Hiseq2000, resulting in 142 million reads (paired-end) and 25,831 assembled contigs. The high quality of our transcriptome data was confirmed by the presence of 92.1% of a set of 303 "core eukaryotic genes" in our dataset with BUSCO v2 (Simão et al. 2015) . We surveyed the transcriptome data of the nonphotosynthetic diatom for sequences encoding proteins involved in the above-mentioned pathways. This was done by homology-based searches followed by the detection of bipartite plastid-targeting signal (BTS) sequences comprised of a signal peptide and a transit peptide-like region which begins with an aromatic amino acid or a leucine, a characteristic of nucleus-encoded, plastid-localized diatom proteins (e.g., Gruber et al. 2007 ). Similar BTS sequences were also found in proteins for gene expression, molecular chaperones, translocators, peptidases, and proteins for Suftype Fe-S cluster biosynthesis, which were previously predicted to be functional in the nonphotosynthetic plastid of this species (Kamikawa et al. 2015b; supplementary fig. S1 and table S1, Supplementary Material online; see also Gruber et al. 2007) .
From the transcriptome data of Nitzschia sp. NIES-3581, we detected 75 sequences encoding proteins homologous to plastid metabolic pathway proteins found in photosynthetic diatoms (Armbrust et al. 2004; Matsuzaki et al. 2008; Oborn ık and Green 2005; Richards et al. 2006; Jiroutov a et al. 2007; Bowler et al. 2008; Kroth et al. 2008; Chan et al. 2013; Gornik et al. 2015) , in addition to their cytosolic or mitochondrial homologues (supplementary table S1, Supplementary Material online). Our in silico analysis, in combination with RT PCR-based confirmation, successfully identified putative BTSs at the N-termini of all 75 detected sequences, with the exception of tRNA-Glu synthase (supplementary table S1, Supplementary Material online). Twenty five of the 75 sequences are predicted to encode proteins involved in Fe-S, heme, or fatty acid biosynthesis, pathways which are also retained in various nonphotosynthetic plastids (figs. 1A and 2). The other 50 sequences were identified as proteins involved in amino acid biosynthesis, and a portion of the Calvin-Benson cycle comprised only of rPPP, glycolysis, and gluconeogenesis (fig. 1B and supplementary table S1 , Supplementary Material online). Although photosynthesis and plastidal carbon fixation are absent from Nitzschia sp. NIES-3581 plastids, the detection of 50 sequences for amino acid biosynthesis, rPPP, and glycolysis/gluconeogenesis with Kamikawa et al. . doi:10.1093/molbev/msx172 MBE BTSs sequences implies that these carbohydrate metabolisms take place in these nonphotosynthetic organelles. Some of these proteins, such as fructose-1,6-bisphosphatase (FBP), are known to be functional in the stroma at basic rather than acidic pH (Zimmermann et al. 1976) . The ATP synthase complex, found in the nonphotosynthetic diatom plastid, might function to regulate activities of such plastid proteins by pumping protons between the stroma and thylakoid lumen, 
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Plastid Functions in a Non-photosynthetic Diatom . doi:10.1093/molbev/msx172 MBE in addition to regulating the proton gradient-dependent twin arginine translocator on the thylakoid membrane (Kamikawa et al. 2015b ). The biochemical pathways predicted to occur in the nonphotosynthetic plastids of Nitzschia sp. NIES-3581 are shown in figures 1B and 2. Of particular note, we failed to find any sequences for PRK, which generates ribulose 1,5-bisphosphate as one of the substrates of RuBisCO, in our transcriptome data or in nuclear DNA sequence data generated in our previous study (Kamikawa et al. 2015b ). The apparent absence of a PRK homolog in Nitzschia sp. NIES-3581 is consistent with the fact that there is no requirement to generate ribulose 1,5-bisphosphate due to loss of RuBisCO (Kamikawa et al. 2015b ; fig. 1B ). The possible loss of these two enzymes invokes loss of the carbon-fixation step of the Calvin-Benson cycle in the nonphotosynthetic plastids of Nitzschia sp. NIES-3581, leaving behind an alternative pathway comprised only of plastid glycolysis/gluconeogenesis and rPPP ( fig. 1B) . Similarly, we could not find evidence for the presence of FBAC1 and FBAC5, specific isoforms of fructose 1,6-bisphosphate aldolase, or beta carbonic anhydrases (CAs), all of which are known to localize to pyrenoids and play a role in carbon concentration mechanisms for efficient CO 2 fixation ). Nevertheless, a potential stroma-localizing FBAC2 homologue and putative periplastidal compartment (PPC)-localized alpha CAs were detected, in addition to cytosolic/mitochondrial CA candidates (supplementary table S1, Supplementary Material online). This is consistent with the apparent absence of a pyrenoid when nonphotosynthetic plastids of Nitzschia sp. NIES-3581 are examined by electron microscopy (Kamikawa et al. 2015a ). Moreover, no sequences for pyruvate phosphate dikinase (PPDK) were detected ( fig. 1B ), which in other plastids is involved in the reversible conversion of phosphoenolpyruvate (PEP) and pyruvate. A gene encoding pyruvate kinase (PK), a protein that catalyzes the irreversible synthesis of pyruvate from PEP, was detected (supplementary table S1, Supplementary Material online). The absence of PPDK, but presence of PK, suggests that the last step of the plastid-localized glycolysis is not reversible in the nonphotosynthetic diatom plastids ( fig. 1B ).
Loss of Plastid Isoprenoid Biosynthesis from a Nonphotosynthetic Diatom
Isoprenoids are a diverse range of compounds consisting of IPPs linked together as repeated units. They form prosthetic groups on various cytosolic, mitochondrial, and plastidlocalized proteins; they also form the basis of chlorophylls (Bouvier et al. 2005; Lohr et al. 2012 ; Rodr ıguez-Concepci on and Boronat 2015). From biochemical and genomic studies, photosynthetic diatoms are known to synthesize IPPs in both the cytosol and plastid through the mevalonate (MVA) and the nonMVA (MEP) pathways, respectively (Bouvier et al. 2005; Lohr et al. 2012 ; Rodr ıguez-Concepci on and Boronat 2015; fig. 3A ). We identified genes for all six homologues of the cytosolic MVA pathway ( fig. 3B and supplementary table S1, Supplementary Material online) in the transcriptome of Nitzschia sp. NIES-3581. In contrast, none of the seven homologues for the plastid MEP pathway was detected from the transcriptome data of Nitzschia sp. NIES-3581. We could not detect those for the MEP pathway in transcriptome data obtained in a previous study (Kamikawa et al. 2015b ). Our survey also failed to detect them in nuclear DNA sequence data, while all 75 potential plastid protein genes mentioned above were identified by the same procedure. Thus, loss of the entire MEP pathway seems likely. This potential loss might be consistent with the complete loss of photosynthesis and photosynthetic pigments in this nonphotosynthetic diatom (Kamikawa et al. 2015a; Kamikawa et al. 2015b) , which would require IPPs as precursor metabolites ( fig. 3) . IPPs required for the biosynthesis of mitochondrial ubiquinone and sterols (Bouvier et al. 2005; Lohr et al. 2012) are presumably supplied by the cytosolic MVA pathway. Our finding supports the idea that redundancy of metabolic pathways in plastids and other compartments (e.g., cytosol) facilitates reduction of either of the corresponding pathways (Waller et al. 2015; Janou skovec et al. 2017 ). Prior to our study, loss of the IPP biosynthetic pathway has not been observed in any of the nonphotosynthetic plastids investigated ( fig. 1A ). It is worth noting that for the most part, alveolates and green algae lack a cytosolic MVA pathway (Lohr et al. 2012; Janou skovec et al. 2017 ). Thus, they need to maintain the MEP pathway within their reduced plastids even after loss of chlorophyll biosynthesis. Alternatively, in order to lose the MEP pathway, they would need to find another way of obtaining IPPs such as through parasitism (Fleige et al. 2010; Gornik et al. 2015) .
Furthermore, the plastid MEP pathway begins with glyceraldehyde 3-phosphate (GA3P) and pyruvate and consumes ATP and NADPH (Lohr et al. 2012) , substrates that are mainly supplied by photosynthesis in photosynthetic plastids and thus are presumably less abundant in nonphotosynthetic plastids. Therefore, the loss of the MEP pathway would constitute a beneficial situation for nonphotosynthetic diatom plastids, which would be able to save the above-mentioned compounds for other pathways (see figs. 1B and 2). All things considered, loss of the plastidal MEP pathway appears to have been triggered by a combination of functional redundancy, loss of photosynthesis (chlorophylls), and the potential metabolic "savings" associated with its disappearance.
Evolution of the Nonphotosynthetic Plastid Proteins
To gain insight into the evolution of the retained plastid proteins of Nitzschia sp. NIES-3581, we performed phylogenetic analyses of the 75 plastid-localized metabolic proteins reported above. Although one homologue did not group to any specific taxa with high bootstrap support (supplementary fig. S2 , Supplementary Material online), 73 homologs in Nitzschia sp. NIES-3581 were found to group with their counterparts in photosynthetic diatoms ( fig. 4 ; supplementary figs. S3-S74, Supplementary Material online), consistent with a simple pattern of vertical inheritance. One clear exception was a gene encoding transaldolase (TAL) (fig. 4) .
In the case of TAL, one of the genes in Nitzschia sp. NIES-3581 appears to have a unique evolutionary history relative to the other plastid-targeted homologs of Nitzschia sp. NIES-3581 analyzed here. TAL functions as a protein for rPPP in both plastids and the cytosol of photosynthetic diatoms. The complete genomes of photosynthetic diatoms such as Plastid Functions in a Non-photosynthetic Diatom . doi:10.1093/molbev/msx172 MBE Phaeodactylum tricornutum contain only two copies of the gene, one encoding a plastid-targeted protein and the other servicing the cytoplasm (Kroth et al. 2008 , and see also fig.  4A ). Hereafter, we refer to plastid and cytosolic diatom TAL enzymes as pTAL and cTAL, respectively. We detected three distinct copies of transcripts for TAL in Nitzschia sp. NIES-3581, TAL1, 2, and 3 ( fig. 4A ). TAL3 grouped with four other diatom pTAL homologues while the two other proteins, TAL1 and TAL2, formed a monophyletic pair that grouped with cTAL homologues of diatoms ( fig. 4A ). Intriguingly, while TAL1 lacks an obvious N-terminal extension, as with other cTAL homologues, TAL2 was found to possess an N-terminal extension with characteristics of a typical diatom BTS ( fig. 4B ).
In the case of TAL3, a member of pTAL, a BTS was, as expected, also detected ( fig. 4B ). In order to determine whether TAL2 carries a functional BTS, we performed heterologous localization studies in the diatom P. tricornutum. As a control, and to verify that P. tricornutum is indeed a suitable model system with which to study the import of plastid proteins of Nitzschia sp. NIES-3581, the targeting signals of homologs in Nitzschia sp. NIES-3581 of marker proteins for the PPC and stroma of diatoms were expressed in P. tricornutum as green fluorescent protein (GFP) fusions. These included the BTS sequences of ATP synthase gamma subunit (AtpC), a protein localizing on thylakoid membranes, and the PPC protein sCdc48 (Apt et al. 2002; Moog et al. 2011; Kamikawa et al. 2015b) . As shown in figure 4C , AtpC-GFP colocalized with chlorophyll fluorescence, indicative of stromal localization, whereas expression of sCdc48-GFP resulted in the classical, PPC-specific "bloblike" fluorescence structure in close proximity to, but clearly not overlapping with, chlorophyll fluorescence ( fig. 4C ; Kilian and Kroth 2005) . We then constructed a plasmid carrying the gene for GFP 3 0 fused to the gene sequence encoding the N-terminal extension of TAL2. The TAL2-GFP signal was found to colocalize with chlorophyll fluorescence ( fig. 4C) , indicating a localization of TAL2 to the plastid stroma.
We used PCR amplification and sequencing to demonstrate that the TAL1 and TAL2 genes were adjacent to each other in the genome and that they share homologous intron positions ( fig. 4D ; see also Supplementary document for detailed exon-intron boundaries). Together with our 
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Although the branch lengths of most of the plastid protein sequences of Nitzschia sp. NIES-3581 analyzed here were as short as those of photosynthetic diatom species (supplementary figs. S2-S74, Supplementary Material online), the TAL3 branch is long relative to other pTAL homologues ( fig. 4A) . Thus, the TAL3 sequence seems to be rapidly evolving and under relaxed structural and functional constraints. Together with the fact that it is potentially localized to the plastid stroma (see fig. 4C ), TAL2 might provide the major transaldolase function in the nonphotosynthetic plastid of Nitzschia sp. NIES-3581. We dismissed the possibility that Plastid Functions in a Non-photosynthetic Diatom . doi:10.1093/molbev/msx172 MBE the gene encoding the divergent TAL3 represents a rapidly evolving pseudogene, as the RNAseq read abundance of the TAL3 transcript (contig) is only slightly lower as that of TAL1 and TAL2 (evaluated using two independent RNAseq data sets: Kamikawa et al. 2015b and this study) (supplementary  table S2 , Supplementary Material online). Instead, we speculate that TAL3 might have undergone subfunctionalization or neofunctionalization, although the actual function of TAL3 is still unknown. Our analyses suggest that, in addition to vertical inheritance, replacement of a plastid protein by a host gene (i.e., reverse endosymbiotic gene replacement; Archibald 2005), such as with TAL2, has played a role in retention of biochemical functions in the plastids of Nitzschia sp. NIES-3581, as in photosynthetic plastids (e.g., Archibald 2005; Curtis et al. 2012; Qiu et al. 2013 ).
Metabolic Connection between the Cytosol and Nonphotosynthetic Plastids
For nonphotosynthetic plastid rPPP and glycolysis/gluconeogenesis to function without carbon fixation, carbon compounds presumably must be provided by the cytosol. In P. tricornutum, four triose phosphate transporters are confirmed to be localized in membranes of the complex plastid (Moog et al. 2015) . We also found four homologues of plastid triose phosphate transporter (pTPT) genes of photosynthetic diatoms (Moog et al. 2015) in the Nitzschia sp. NIES-3581 transcriptome, i.e., NspTPT1, 2, 4a, and 4b ( fig. 5A ; supplementary fig. S75 and table S1, Supplementary Material online). To confirm the potential plastid localization of the detected TPTs, recombinant NspTPT-GFP fusion proteins were expressed in P. tricornutum cells (fig. 5B ). Consistent with a strong sequence similarity to the cER membranelocalized PtTPT1 (the cER is the outermost plastid membrane) ( fig. 5A ), the fluorescence signal resulting from expression of the NspTPT1-GFP fusion partly colocalized with chlorophyll autofluorescence and also showed a ring-like structure in direct proximity to the plastid, presumably corresponding to the nuclear envelope. This is indicative of localization of the fusion protein to the outermost plastid membrane (Prihoda et al. 2012; Moog et al. 2015) . The "blob-like" structure, typically seen in instances of periplastidal compartment/membrane localization (i.e., the second outermost complex plastid membrane), was observed for NspTPT2-GFP recombinants ( fig. 5B ).
Although our experiments did not identify the precise membranes to which the NspTPT4a and NspTPT4b GFP fusion proteins are localized, plastid localization of these proteins was confirmed as the GFP signal colocalized with the chlorophyll signal or directly surrounded it ( fig. 5B ). Given the homology to PtTPT4a and PtTPT4b ( fig. 5A and see also Moog et al. 2015) , which localize to the innermost plastid membrane, and the presence of BTSs with clear plastid targeting motifs (supplementary table S1, Supplementary Material online), we predict that NspTPT4a and NspTPT4b localize to the innermost plastid membrane as well. The functionally characterized TPTs of various algae, land plants, and apicomplexan parasites are known to transport triose phosphates, 3-phosphoglycerate, and/or PEP (Kammerer et al. 1998; Linka et al. 2008; Brooks et al. 2010) . The nonphotosynthetic diatom pTPTs could potentially import any or all of these substrates into the plastid from the cytosol. Indeed, Nitzschia sp. NIES-3581 has the potential to synthesize these carbon compounds by the cytosolic glycolysis and related pathways (supplementary table S1, Supplementary Material online; fig. 2) .
It is well known that plastid rPPP and plastid glycolysis/ gluconeogenesis metabolically link to various amino acid biosynthetic pathways by providing substrates such as PEP, pyruvate, and erythrose 4-phosphate (E4P) ( fig. 1B; e.g., Herrmann and Weaver 1999) . These substrates for plastid amino acid biosynthesis are also potentially synthesized in the cytosol of Nitzschia sp. NIES-3581 ( figs. 1 and 2) . Therefore, we searched for sequences encoding plastidlocalized transporters for pyruvate and E4P in the transcriptome data. We identified two BTS-containing homologues in Nitzschia sp. NIES-3581 of plastid bile acid transporter family proteins to which plastid pyruvate transporters belong (Furumoto et al. 2011; supplementary fig. S76 and table S1, Supplementary Material online). However, there is no evidence that these candidates are actually able to transport pyruvate. Most importantly, there is no known efficient transporter for erythrose 4-phosphate (E4P) in the plastids of any eukaryote, including those of photosynthetic diatoms (Eicks et al. 2002; Weber and Linka 2011; Facchinelli and Weber 2011) . Although the land plant Arabidopsis thaliana and other vascular plants possess a plastid xylulose 5-phosphate transporter (XPT), XPT transports E4P to a much lesser extent than xylulose 5-P and triose phosphate (Eicks et al. 2002; Weber and Linka 2011; Facchinelli and Weber 2011) . We did not identify any XPT homologue in Nitzschia sp. NIES-3581 transcriptome and nuclear DNA sequence data, nor in photosynthetic diatoms (i.e., P. tricornutum, Thalassiosira pseudonana, Pseudonitzschia multiseries, and Fragilariopsis cylindrus: supplementary fig. S75 , Supplementary Material online).
Our analyses suggest that the nonphotosynthetic plastids of Nitzschia sp. NIES-3581 are capable of importing triose phosphates but not E4P, although import of pyruvate remains unclear. Consistent with the apparent absence of a transporter for E4P, the plastid of Nitzschia sp. NIES-3581 should be able to generate E4P to fuel amino acid biosynthesis (figs. 1B and 2) similar to photosynthetic plastids. The latter supplies E4P for plastid amino acid biosynthesis through the Calvin-Benson cycle reactions, whereas E4P can be synthesized in the plastids of Nitzschia sp. NIES-3581 through an incomplete form of the Calvin-Benson cycle consisting only of plastid glycolysis/gluconeogenesis and rPPP enzymes, but lacking carbon fixation capability.
Constraints Against Loss of Glycolysis, Gluconeogenesis, and the Reductive Pentose Phosphate Pathway in Nonphotosynthetic Plastids
After the loss of photosynthesis, the plastid in Nitzschia sp. NIES-3581 might be expected to have undergone reductive Kamikawa et al. . doi:10.1093/molbev/msx172 MBE evolution. However, many plastid proteins are still retained. In line with the argument for loss of the MEP pathway (see above), retention of biosynthetic pathways for heme, aromatic amino acids, branched chain amino acids, lysine from aspartate, and fatty acids in Nitzschia sp. NIES-3581 is predicted to be due to the absence of such pathways in other compartments in diatoms (Armbrust et al. 2004; Bowler et al. 2008) . It is highly unlikely that Nitzschia sp. NIES-3581 is able to acquire sufficient quantities of these compounds from its environment by osmotrophy (Sleigh 2000) , and so the cell would presumably be dependent on these plastid-localized metabolic functions for cell viability. The retention of Fe-S cluster assembly factors is likely due to the essential nature of certain plastid Fe-S proteins such as LipA (supplementary table S1, Supplementary Material online) and due to the toxicity of free iron and sulfur: the biogenesis of Fe-S clusters must be highly controlled in each cellular compartment (Lill 2009 ). Plastid glycolysis/gluconeogenesis and plastid rPPP in Nitzschia sp. NIES-3581 are likely retained to supply amino acids with E4P, PEP, and pyruvate, as those substrates probably cannot be imported from the cytosol due to lack of specific transporters. However, it remains unclear whether plastid glycolysis is indispensable for producing PEP and pyruvate for plastidal biosynthetic pathways due to the Plastid Functions in a Non-photosynthetic Diatom . doi:10.1093/molbev/msx172 MBE presence of the above-mentioned transporters (pTPTs and bile acid transporter family proteins). Rather, plastid glycolysis might be important to synthesize ATP and NADPH using imported triose phosphates ( fig. 1B) , as predicted in the coccidian apicoplasts (Fleige et al. 2010) . This is a beneficial situation in the sense that loss of photosynthesis leads to a decrease in the steady state levels of ATP and NADPH, even though some ATP can be imported from the cytosol by plastid ATP transporters (Ast et al. 2009 ), homologues of which have been identified in Nitzschia sp. NIES-3581 (Kamikawa et al. 2015b ). The presence of plastid rPPP and glycolysis/gluconeogenesis is not unique to the nonphotosynthetic plastids of Nitzschia sp. NIES-3581. A similar situation exists in the nonphotosynthetic plastids of green algae (de Koning and Keeling 2004; Borza et al. 2005; Pombert et al. 2014; Smith and Lee 2014; Figueroa-Martinez et al. 2015) as well as in an endosymbiotic, nonphotosynthetic cyanobacterium (called the spheroid body) inside the diatom Epithemia turgida (Nakayama et al. 2014) . We also identified plastid proteins for rPPP and glycolysis in the recently published transcriptome data of the nonphotosynthetic plants Monotropa hypopitys and Orobanche aegyptiaca (Huang et al. 2015; Ravin et al. 2016 : supplementary table S3, Supplementary Material online). Although it is difficult to determine precisely when these plastids became nonphotosynthetic, the loss of photosynthesis could have happened relatively recently as all of the above mentioned nonphotosynthetic species have a closely related photosynthetic species or genus (Nakayama et al. 2014; Smith and Lee 2014; Figueroa-Martinez et al. 2015; Kamikawa et al. 2015a ). The broad distribution of the enzymes for rPPP and glycolysis/gluconeogenesis in the nonphotosynthetic plastids of distantly related eukaryotes and a nonphotosynthetic cyanobacterial endosymbiont strongly suggest that there is strong, common evolutionary pressure acting against loss of these enzymes from the plastid, at least during the early stages after photosynthesis has been lost.
Conclusion
Photosynthetic species are found on various branches of the eukaryotic tree of life and they depend on plastid-localized metabolic processes that extend far beyond photosynthesis. Thus, there should be barriers between loss of photosynthesis and subsequent evolutionary steps for loss of other plastid functions. We have shown that plastid evolution after the loss of photosynthesis is not straightforward, with strong evolutionary pressures acting against loss of particular functions. One way these pressures could be sidestepped would be by acquiring essential plastid metabolites via parasitism or phagotrophy, as in apicomplexans and their close relatives (Janou skovec et al. 2015) .
Materials and Methods
Total RNA extracted from Nitzschia sp. NIES-3581 with Trizol was subjected to Illumina Hiseq2000 sequencing (DDBJ Bioproject PRJDB5503). The resulting RNAseq reads were assembled by Trinity 2.1.1 (Haas et al. 2013) . Plastid proteins were detected by homology-based search followed by survey of plastid targeting signals as performed in Gruber et al. (2007) . Phylogenetic analyses of plastid proteins were performed with RAxML ver. 7.2.8 (Stamatakis 2006) under the LG þ C þ F model. Only for TAL and TPT, Bayesian analyses were also performed by PhyloBayes 4.1 (Lartillot et al. 2009 ). Localizations of TAL2 and TPTs were investigated by expression of recombinant GFP proteins in P. tricornutum cells. The detailed experimental procedures are described in the Supplementary Information.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
